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In Brief
The design principles of oscillatory signaling behaviors were explored through synthetically engineering NF-kB circuit in combination with mathematical modeling. 
INTRODUCTION
Oscillatory signals control many important biological functions, including cell cycle (Ferrell et al., 2011; Tyson, 1991) , circadian rhythms (Partch et al., 2014) , and vertebrate somitogenesis (Oates et al., 2012) . The design principles of natural and synthetic oscillators have been studied extensively, such as the regulation of periodicity (Elowitz and Leibler, 2000; Hess and Boiteux, 1971 ; Nová k and Tyson, 2008) , robustness (Potvin-Trottier et al., 2016; Stricker et al., 2008; Tsai et al., 2008) , and entrainment (Hasty et al., 2002; Mondragon-Palomino et al., 2011) . More recently, it has been found that eukaryotic cells could encode information in the quantitatively different temporal behaviors of Msn2 in yeast and p53 in mammals (Behar and Hoffmann, 2010; Levine et al., 2013) . Remarkably, such quantitative signaling dynamics were often oscillatory or pulsatile. The particular properties of oscillatory signaling dynamics (e.g., amplitude, frequency) have shown great benefit to coordinate (Cai et al., 2008) or differentially regulate gene expression (Werner et al., 2005; Ashall et al., 2009; Hao et al., 2013; Purvis et al., 2012) in stress signaling and inflammatory response. It remains incompletely understood how the properties of such oscillatory dynamics are controlled in natural systems and how they could be tailored synthetically.
The NF-kB in immune response is one of the well-known signaling systems to be highly dynamic, responding to various extracellular antigens or cytokines. Notably, the fluorescencetagged NF-kB protein (i.e., RelA) was found to be activated in a damped oscillatory fashion in response to tumor necrosis factor a (TNF-a) (Nelson et al., 2004; Tay et al., 2010) . The core design of the circuit underlying this oscillator is similar to that of many biological oscillators; a negative feedback loop with time delay, usually consisting of a transcription factor (i.e., NF-kB) and an inhibitory protein (i.e., IkB). The oscillatory cycles involve the following reactions: the degradation of IkB (e.g., IkBa, IkBb, and IkB 3) releases the inhibition of NF-kB (e.g., RelA, RelB, cRelA, p50, and p52) (Hayden and Ghosh, 2008) , leading to the production of new IkB, which in turn inhibits the transcriptional activity of NF-kB, thereby completing the cycle ( Figure 1A ) (Hoffmann et al., 2002; Nelson et al., 2004) . However, in practice, because the native NF-kB system exists in the complicated context of mammalian cells, it is difficult to specifically experimentally probe and rewire the circuit components of such oscillatory signaling networks.
To surpass such limitations, we sought to rationally design and build a synthetic oscillatory signaling circuit by recapitulating a human NF-kB module (i.e., IkBa-RelA protein complex). Our design emphasized orthogonality and predictable tuning performances. Here, we describe an engineered circuit contains a synthetic promoter module that can program oscillatory dynamics of NF-kB at the transcriptional level, and also a synthetic phospho-degron module that allows programming at the posttranslational level. We implement the circuit in S. cerevisiae and demonstrate that the peak shape and the period of the Cell Systems 5, 1-11, November 22, 2017 ª 2017 Elsevier Inc. 1 RelA (RelA, cRel, RelB, p50, p52) NF-κB (B) In contrast to the complex native NF-kB system in mammalian cells (damped oscillation upon TNF-a stimulation), the synthetic signaling circuit can be precisely designed to generate novel oscillatory waveforms with the specific period (or frequency) and peak shape, due to the simplified and well-defined circuit structures and parameters. The time courses of RelA nuclear localization in yeast cells were measured to monitor the activation dynamics of the system. (C) The synthetic oscillatory signaling circuit was based on three synthetic modules: the human IkBa-RelA protein complex as the core circuit module; a synthetic degron module that enables the phosphorylation-dependent degradation of the engineered IkBa, allowing the activation of the synthetic circuits by yeast mating pheromone (a factor); an NF-kB-responsive synthetic promoter module that enables the feedback-driven activation of IkBa expression.
(legend continued on next page) oscillatory waveforms could be tuned using a combination of three parameters: protein level of RelA, negative feedback strength, and the protein stability of IkBa. Incorporating a second negative feedback loop between RelA and the upstream kinase Fus3 enabled frequency-only tuning of oscillatory waveforms. Our work demonstrates a proof-of-concept for the design of cellular circuits that use built-in modules to respond to diverse input signals and to dynamic cellular information (Behar and Hoffmann, 2010; Purvis and Lahav, 2013) .
RESULTS

Design of Synthetic NF-kB Signaling Circuit in Yeast Cells
To investigate how the design of circuits influences their outputs (i.e., oscillatory dynamics), we built a synthetic oscillatory signaling circuit in yeast by recapitulating the IkBa-RelA module from the human NF-kB system. Given that they completely lack the human NF-kB system (Gilmore and Wolenski, 2012) , yeast cells provide a homologous but orthogonal cellular environment for investigating a streamlined form of the refabricated NF-kB circuit and for designing customized signaling outputs with engineered dynamics (Kachroo et al., 2015) ( Figure 1B ). To achieve tunable levels of RelA protein, we used a doxycycline-inducible promoter (pTET07) to drive the expression of RelA-GFP in a titratable manner. To implement this oscillator in yeast, we had to engineer another two control modules that allowed the integration of the circuit into the endogenous signaling and transcriptional machinery of yeast ( Figure 1C ). First, we engineered a phosphorylation-regulated degron module to achieve posttranslational control over the degradation of the inhibitor protein IkBa that tagged with the synthetic degron. This process completely mimicked the activation mechanism in the native NF-kB system ( Figure 1A ). The synthetic degron can be phosphorylated by the activated yeast mating mitogen-activated protein kinase (MAPK) Fus3, resulting in the recognition by the cytosolic Cdc4 tagged with a nuclear export signal peptide (Figure S1B) , which normally functions as an E3 ligase in the yeast nucleus (Gordley et al., 2016) . Accordingly, the IkBa protein is degraded rapidly upon treatment with the yeast mating pheromone, a factor, allowing the RelA to translocate to the nucleus and activate the downstream gene transcription. Second, to implement the transcriptional control of IkBa by RelA, we engineered a synthetic yeast-compatible NF-kB-responsive promoter module (incorporating a minimal yeast CYC1 promoter with four tandem repeats of NF-kB binding sites) to drive the expression of IkBa ( Figure 1C ). We found that these components in the human NF-kB module functioned as designed in yeast cells: RelA formed a protein complex with IkBa and remained in the cytoplasm; free RelA was localized in the nucleus (Figure S1A) ; adding a factor triggered activation of the degradation of IkBa and released RelA into the nucleus to activate the expression of GFP reporter ( Figure 1D ). Having established that we can use RelA to regulate IkBa transcription, we assumed that the newly synthesized IkBa would bind with nuclear RelA, retain RelA in the cytoplasm, thereby generating an effective time-delayed negative feedback loop ( Figure 1A) .
Synthetic NF-kB Circuit Generated Robust Oscillatory Dynamics in Response to Continuous Stimulation of the Yeast Mating Pheromone To test our design, we monitored yeast cells containing the synthetic signaling circuit at single-cell resolution. To maintain a consistent a factor concentration, we used a microfluidic device to replenish the supply of a factor over time, and employed time-lapse microscopy to track the RelA-GFP localization dynamics. We observed that the addition of a factor triggered the periodic shuttling of RelA-GFP between the nucleus and the cytoplasm (Figure 2A ; Movie S1). Long-term (10 hr) monitoring of the nuclear RelA-GFP dynamics revealed a robust oscillatory pattern (Figures 2B and S2) ; more than 80% of cells exhibited this pattern of oscillation ( Figure S3 , total n = 60). We also found RelA was weakly activated in a spontaneous oscillatory pattern, even in the absence of a factor ( Figure S2 ). We rationalized this observation as follows: the cycle of degradation and re-synthesis of IkBa was likely still happening in a weak manner without input signals, considering that the IkBa expression was fully dependent on the activated RelA.
Characterizing the Waveform Properties of the Oscillatory Dynamics
To more precisely evaluate the characteristics of the oscillatory dynamics generated by our synthetic signaling circuit, we defined four properties of an oscillatory waveform: the peak amplitude (A) and three individual time segments, including the rest time (T 0 ), the rise time (T 1 ), and the decay time (T 2 ). Together, these four properties are adequate to define the period and the peak shape of any oscillatory waveforms ( Figure 2C ) (McClung, 2008) . Using the data from our initial single-cell experiments, we calculated that the oscillation had a mean amplitude of 3.5 (a.u.) and an oscillation period of 100 min (T 0 = 44 min, T 1 = 26 min, and T 2 = 30 min) ( Figure 2D ). This period in our initial design is very close to that of the natural NF-kB oscillation in mammalian cells (Hoffmann et al., 2002; Nelson et al., 2004; Tay et al., 2010) . Despite this similarity in periodicity, our synthetic oscillatory signaling circuit exhibited a more sustained pattern of oscillation than what has been previously reported for the native NF-kB system, which has a severely damped oscillation pattern following TNF-a stimulus (Hoffmann et al., 2002; Nelson et al., 2004; Tay et al., 2010) .
Parameter Tuning in the Initial Circuit Leads to Predictable Waveform Changes
The simplicity of our synthetic system allowed us to further finetune the behavior of our oscillatory circuit. To explore the relationship between the properties of oscillatory waveforms and the parameters of the synthetic circuit, we sequentially tuned (D) Mating pheromone-activated signaling modules in the synthetic NF-kB circuit. mCherry-IkBa degradation and RelA-GFP nuclear import (Nuc.:Tot. ratio) were recorded in single-cell time-lapse imaging (gray). The mean was calculated by over 50 cells (red). The transcriptional activity was measured from pNFkB-driven GFP expression. Average GFP fluorescence of yeast strains with wild-type degron (red) or mutated inactive degron (T25V, gray) with SD measured from triplicated experiments. the following parameters: the protein concentration of RelA (a), the strength of the negative feedback loop (b), and the degradation rate of IkBa (g) ( Figures 3A-3C ). We used a range of doxycycline concentrations (from 0.5 to 5 mg/mL) to tune the RelA protein concentration, and obtained up to a 5-fold change in the RelA level ( Figure 3A ). Tuning down the RelA protein level resulted in a short period (high frequency) ( Figure 3D ; Movie S2). The negative feedback strength (b) was tuned by a set of variant synthetic promoters with graded activities to drive IkBa expression ( Figure 3B ). The strong feedback strength resulted in a high frequency oscillation ( Figure 3E ; Movie S3). The IkBa degradation rate (g) was then tuned by introducing a series of single amino acid mutations into the synthetic degron ( Figure 3C ). The slow degradation of IkBa resulted in a slow frequency oscillation ( Figure 3F ; Movie S4). The single-cell oscillatory dynamics from each parameter-tuning clearly exhibited diverse peak shapes as well as frequencies ( Figures 3D-3F and S4A).
To analyze the quantitative changes of oscillatory waveforms, we quantified the tuned waveforms using the aforementioned properties, T 0 , T 1 , T 2 , and A ( Figure 2C ), and compared them between each tuning. The tuning of each of the three circuit parameters resulted in changes in particular properties of the waveform. More specifically, tuning down the RelA protein concentration resulted in both a faster decay and a lower amplitude (a peak shape with less symmetry); increasing the negative feedback strength resulted in faster rise and decay; and decreasing the IkBa degradation rate resulted in both longer rest times and lower amplitudes (Figures 3D-3F and S4B). To better understand our parameter-tuning results, we then constructed a mathematical model to systematically explore the relationship between the waveform properties and circuit parameters ( Figures 4A-4C ). Our simulation presented similar parameter-tuning results as our experimental data ( Figure 4D ). Together, these results demonstrated that, guided by a predictive model, we could selectively tune a particular combination of parameters in synthetic circuits and generate oscillatory waveforms with target frequency or peak shape. Note that our modeling demonstrates that a circuit incorporated with key components as our three synthetic modules allowed us to Doxycycline (5 mg/mL) was added at t = 0, 10 mM a factor was added at t = 20 hr. (C) Tuning parameters in each synthetic module: a, the total concentration of RelA protein; b, the strength of the negative feedback loop; and g, the rate of IkBa degradation.
(D) The predicted waveform properties (T 0 , T 1 , T 2 , and A) when tuning a, b, and g in the model simulation agreed with our experimental observations in Figure 3 . The maximum value of each property was normalized as ''1.'' chart, the maximum value measured for each of the properties was set to 1). The significance of the difference between conditions was assessed with two-sample Student's t tests (n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001).
(E) Tune the negative feedback strength (b).
(F) Tune the degradation rate of IkBa (g).
consisting of multiple layers of regulations. For instance, the human NF-kB has feedback regulators comprised of other IkBs (e.g., IkB 3) and also other layers of negative feedback regulators, such as A20, which regulate the upstream nodes, IkB kinases (Hayden and Ghosh, 2008; Werner et al., 2008) . The multi-layer negative feedback loops, a topology referred to as ''nested negative feedback loops'' (Mengel et al., 2012) , facilitate complex regulation of the NF-kB dynamics. We speculated that we might be able to recapitulate this topology design of nested negative feedback loops to produce unique effects on the oscillatory waveforms. To explore this idea, we computationally simulated the output behaviors of a circuit that included a second negative feedback loop. Our simulations of the oscillatory behaviors of this circuit showed that the addition of a second negative feedback loop in another layer (to form the nested negative feedback loops) contributes specifically to the lengthening of the rest time T 0 , without affecting other properties of the oscillatory waveform. In contrast, when adding a second negative feedback in parallel, both the period and the peak shape of the waveform were altered ( Figure 5A ). In other words, this design of two-layer negative feedback loops enables a unique mode of waveform-tuning, with which we could specifically tune the frequency while maintaining the peak shape (changes are only in the rest time). . The periods of two types of dual-feedback circuit were set as equal (81 min). The modeling results showed that the circuit structure with two-layer feedbacks maintained the peak shape (only T 0 was changed); the circuit structure with parallel feedbacks changed multiple waveform properties (T 0 , T 1 , and A). To test the model prediction, we experimentally engineered a circuit with two-layer negative feedback loops by incorporating the yeast MAPK phosphatase Msg5, which can effectively repress the upstream kinase Fus3 (Bashor et al., 2008) (Figure S5A ), under the control of a synthetic NF-kB promoter (Figure 5B) . As predicted, the oscillatory waveform generated by the circuit with the two-layer loops extended the period by specifically elongating the T 0 while maintaining the peak shape of the waveform ( Figures 5C-5F ; Movie S5). In other words, the RelA activation dynamics show a similar pulsatile waveform across a wide range of tuned frequencies. In addition, we demonstrated that the rest time could be gradually increased by enhancing the strength of the second feedback loop ( Figures  S5B and S5C ).
Circuit Structure with Additional Constantly Expressed IkBa Prevented Basal RelA Activation Within the native, mammalian system, some portion of IkBs (i.e., IkBb) are constantly expressed and independent of NF-kB activation in the natural NF-kB system. These constantly expressed IkBs were suggested to cause the damping effect in response to TNF-a, and knocking out IkBb resulted in more robust oscillation of RelA nuclear occupancy (Hoffmann et al., 2002) . Therefore, we asked whether a similar effect could be observed in our synthetic oscillatory circuit. To answer this question, we introduced another copy of IkBa with the same degron, while driven by a constitutive yeast promoter pURA3, into our initial design of oscillatory circuit (with a single negative feedback loop) (Figure 6A ). Contrary to our expectation given the observations of the native system, neither the peak shape nor the period were changed within our engineered circuit. All four waveform properties remained the same ( Figures 6B and 6D ). However, when we looked at the cells before adding a factor, we found the basal level of RelA activation (the spontaneously activated RelA without a factor stimulation, see also Figure S2 ) were significantly reduced ( Figures 6B and 6C ). When we further tuned the protein level of this constant IkBa, we observed that the spontaneous RelA activation could be continuously decreased by increasing the level of the constant IkBa ( Figures S6A-S6D ). When the constant IkBa was expressed in relatively high level, (D) Periods of the synthetic oscillatory signaling circuit with and without the Msg5 loop. The error bars were calculated from the SD of at least three independent experiments. (E) The average peaks from oscillations with (pink line) or without (gray line) Msg5 loop were almost identical (rise time, pink shadow; decay time, blue shadow). (F) The waveform properties showed that only T 0 appeared to be elongated when the circuit was equipped with Msg5 loop. The significance of the difference between conditions was assessed with two-sample Student's t tests. (n.s., not significant; **p < 0.01). the oscillation of the activated RelA behaved less robustly nevertheless ( Figure S6C ).
DISCUSSION
In this work, we synthetically engineered an oscillatory signaling circuit via rewiring the human NF-kB module within the yeast mating MAPK pathway. This system enabled us to systematically explore how the quantitative properties of the output waveforms were determined by either circuit parameters or circuit structures. Our engineered circuit was capable of generating as wide a range of behaviors as has been observed in similar, naturally occurring circuits (Elowitz and Lim, 2010; O'Shaughnessy et al., 2011) . Our findings provide a framework for using a synthetic approach to study intricate natural biological systems, and demonstrate that biological oscillatory signaling dynamics can be quantitatively and predictably designed (Kiel et al., 2010; Lim, 2010) . The difference in the oscillation pattern observed between the native and synthetic circuits highlights an advantage of the orthogonality of our synthetic system, which ostensibly experiences much less cross-reactivity due to the lack of additional components of the native system that have been suggested to be responsible for the damping effect (Hoffmann et al., 2002; Werner et al., 2008) . A previous study, for instance, has suggested that the A20-mediated negative feedback loop might function as a ''rheostat'' and control the decay of NF-kB oscillation in response to TNF-a (Werner et al., 2008) . The addition of a second negative feedback regulation layer (mediated by Msg5) to our synthetic NF-kB circuit nevertheless clearly demonstrates a unique circuit structure that enables frequency modulation of signaling outputs. In this case, Msg5 functions as a ''frequency modulator'' instead of a ''rheostat.'' Frequency modulation in diverse organisms has long been recognized (Berridge, 1997; Levine et al., 2013) . The oscillatory frequency, moreover, has been known as a high order of regulatory factor by which cells coordinate their responses to varied signal dosages (Cai et al., 2008) . More recently, it was discovered that multiple pulsatile waveforms interacted combinatorially to control downstream gene transcription (Lin et al., 2015) , highlighting the importance of further investigating the underlying principles of more complex oscillatory dynamics tuning in natural signaling systems.
Our synthetic NF-kB circuit also represents an efficient way to engineer robust oscillatory signaling circuit in eukaryotic cells, with no requirement for additional controls such as positive feedbacks or carefully selected parameter sets (Potvin-Trottier et al., 2016; Stricker et al., 2008; Tsai et al., 2008) . The robust oscillation of our synthetic circuit suggested that the sequestering mechanism of IkBa-RelA complex introduced sufficient ultrasensitivity to the activation of RelA, and contributed to the oscillation robustness magnificently (Buchler and Cross, 2009) . Meanwhile, the regulation in subcellular localization of RelA might introduce extra nonlinearity and effective time delay. The core module of our design, formed by a pre-inhibited transcriptional factor (RelA) and an inhibitory protein (IkBa), represented a general molecular architecture for inducible activation. Such a design could be applied to any other signaling circuits sharing similar molecular architectures. Notably, the activation of a transcription factor can be easily wired to downstream transcriptional circuits and therefore control specific cell functions.
From the evolutionary perspective, our tuning results suggest that oscillatory signaling patterns could easily evolve in a core circuit design such as NF-kB; it also suggests that the behavior of the natural NF-kB system is quite plastic. For example, evolutionary modification in either the amino acid motifs that regulate protein stability, or in DNA elements of promoters that control feedback and constant expression of circuit components, could lead to rapidly evolving patterns of activation dynamics.
The orthogonality and simplicity of the synthetic circuit promoted the accuracy of computational modeling, and facilitated the experimental validation of predicted functions. The refined modeling results could improve our capability of implementing theory-guided precise dynamic perturbation, as well as de novo design of oscillatory signaling circuits. Our findings demonstrated that the oscillatory dynamics can be designed with customized peak shape or frequency in a predictive manner. The design of a specific made-to-order oscillatory waveform may require strategies for modulating individual waveform properties, such as the amplitude, frequency, rest time, etc. For example, in certain scenario, one might require either specific tuning of the peak shape without changing the period, or tuning of the period without changing the peak shape.
Our data have shown that these properties can be custom designed by synthetically manipulating the underlying circuit parameters and circuit structures, or in combination ( Figures 7A  and 7B ). In practice, such tuning of circuit parameters or structures could also be controlled by additional cellular signals. By doing so, a single signaling circuit is capable of encoding multiplex dynamics (Levine et al., 2013; Purvis and Lahav, 2013) . This suggests that synthetic oscillatory signaling circuits could be an ideal model system to explore further challenging questions, such as how the signaling dynamics are decoded by downstream transcriptional regulation. Notably, our synthetic circuit encodes cellular inputs at both the transcriptional and the post-translational level (e.g., phosphorylation, ubiquitination), suggesting that diverse upstream signaling dynamics may be investigated. We suggest that in future, oscillatory circuit designs are likely to be utilized in many applications that require the precise coordination of multiple sub-functional engineered circuits. For instance, a circuit could be engineered into synthetic therapeutic cells to encode an oscillatory control program that can interpret multiplexed inputs including antigens, cytokines, or stress levels. The cell can therefore sense the proximity to the tumor niche, and respond appropriately via the control circuit with stimulusspecific commands, for either cytotoxic functions to kill tumor or safety-switch function to suicide. In many other cases such as metabolic engineering, this central processor can introduce an oscillatory timing control of production of targeted chemicals, so as to minimize the toxicity caused by the unwanted accumulated intermediates, or to maximize the final production by optimizing the ratio of precursors. In short, increasingly complex devices in synthetic biology will necessarily require increasingly sophisticated designs for their information control system, our oscillatory dynamics-tunable signaling circuit being a functioning prototype of it.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All yeast strains used in this study and the figures where each strain is used are listed in Table S1 . Unless otherwise specified, the parent yeast strain for all our synthetic strains was CB008 (W303 MATa far1 his3 trp1 leu2 ura3) . The deletion of FAR1 gene allowed the cells to response to a-factor stimulation without arresting their cell cycle. The growth conditions are described as below.
METHOD DETAILS
Plasmids and Strains Construction
All plasmids used in this study (Table S2) were constructed by using a method for alternative assembly based on the Type IIs restriction enzyme AarI (Peisajovich et al., 2010) . The human genes RelA and IkBa were cloned from human cDNA (Invitrogen). The basic NF-kB-inducible promoter was constructed by fusing four repeats of a 10bp-kB binding site upstream to a minimal yeast CYC1 promoter. The other promoter variants with different levels of transcriptional activity were engineered with the similar strategy. Yeast transformations were done with the standard LiAc method. The engineered genetic components were integrated in a single copy into the genome through a set of integrating yeast vectors (pNH603, pNH604, pNH605, pNH606, pNH607 ). All yeast genomic integrations were confirmed by yeast colony PCR.
Flow Cytometry Experiments
Analysis of circuit parameters, i.e., the concentration of RelA, the transcriptional activity of our engineered promoters, the degradation rate of degron-tagged IkBa, and the inhibitory efficiency of the negative regulator Msg5, were performed by measuring fluorescent protein (GFP or mCherry) intensity with a Becton Dickinson LSRII flow cytometer (high throughput sampler equipped). For all FACS experiments, triplicate cultures were grown in synthetic complete dropout media at 30 C to early log phase (OD600 = 0.1-0.2). To tune the concentration of RelA protein in the cells, we used a doxycycline-regulated system to control expression of GPF-RelA protein. 100 mL aliquots was taken at time = 0 and after 2 hours of induction of variant concentrations of doxycycline (Sigma-Aldrich). In the experiments to survey promoters, 5 mg/mL doxycycline were added into each separate culture at time = 0. 100 mL aliquots was taken at time = 0 and after 2 hours of induction to measure the intensity of a fluorescent reporter (mCherry).
To trace the degradation of mCherry-IkBa, we measured the time courses of fluorescent intensity in corresponding strains after adding the stimulation of 10 mM a-factor (GenScript). 100 mL aliquots was taken at each time point. In the experiments to test Msg5, a mating pathway-dependent reporter was constructed by fusing the promoter pFUS1 with GFP in the parent strain CB008. 100 mL aliquots was taken at time = 0 and after 3 hours of 10 mM a-factor treatment. All sampled aliquots were treated with 5mg/mL cycloheximide (Sigma-Aldrich) before flow cytometer measurements. 10,000 cells were counted for each reading.
Microfluidics and Fluorescent Microscopy
The microfluidic cell cultures were performed in Y04C yeast perfusion plates with an ONIX flow control system (Millipore). Cultures were grown in synthetic complete dropout media to mid-log phase (OD600 = 0.2-0.8). Before loading cells, the flow chamber was pre-coated with concanavalin A. Once loaded, cells were flowed over by synthetic complete dropout media for more than 30 min before applying a-factor or doxycycline stimulation. Image acquisition was performed with a TE2000-E automated inverted microscope (Nikon) with perfect focus system and a 1003 oil immersion lens.
Image Processing
We monitored the dynamic behaviors of our synthetic signaling circuit by live single-cell fluorescent microscopy. Based on bright field images, cell segmentation and tracing were done automatically by customized Matlab software cellseg (Yang et al., 2013) . The backgrounds of all fluorescence images were first subtracted by ImageJ (1.49v, Java1.6.0_24, 64-bit). The single-cell dynamics data, such as that mCherry-IkBa degradation and RelA-GFP nuclear localization, was then extracted from these processed time-lapsed fluorescence images also by cellseg.
Mathematical Model
The dynamics of the synthetic system was modeled by ordinary differential equations (ODEs), which was mainly based on a previous work (Ashall et al., 2009 ) describing the NF-kB system in mammalian cells. In contrast to the original model, we made three modifications: (1) for quantifying the degradation rate of free IkBa and IkBa in complex with RelA, we simplified the two-step process of phosphorylation and degradation, by a single Michaelis-Menten function;
(2) for the process of protein synthesis, mRNA nuclear export was considered to get enough time delay; (3) for Msg5 feedback module, the concentration of phosphorylated Fus3 was directly regulated by Msg5 protein. All the variables were quantified by their molar concentration. Messenger RNA transcripts were denoted by Tr. The IkBa-RelA complex was denoted by RelAjIkBa. The letter n indicated nuclear localization, while the cytoplasmic localization was omitted. Transport rates for nuclear molecular species were adjusted by the ratio of cytoplasmic to nuclear volumes (kv), to account for different compartmental volumes.
The activity of feedback promoters was calibrated based on the expression levels of their downstream fluorescent protein. Specifically, measured fluorescent levels of all promoters (Fp, Figure 3B ) were first normalized by that of pNFkB059 and then mapped into promoter activity (Vh) by an affine transformation: Vh = ah3norm.Fp+bh (norm.Fp equals parameter b in text; ah = 0.0023 nM,s -1 , bh = 0.011 nM,s -1 , obtained by globally fitting). Similarly, the concentration of initial cytoplasmic RelA (initial cR) was calibrated by initial cR = ar3norm.Fr+br (Fr represented RelA-GFP levels in Figure 3A , the value in the condition of 5mg/mL doxycycline was normalized as 1, and norm.Fr equals parameter g in text; ar = 1500 nM, br = 1000 nM, obtained by globally fitting). While for the degradation rate of IkBa via degron (Vm), we first calculated the slope (Sl) of the line which went through the first two time points in mCherry-IkBa dynamics ( Figure 3C) for each degron and then normalized them by WT's slope. Vm was calibrated by the equation Vm = am3norm.Sl+bm (norm.Sl equals parameter a in text; am = 0.0047 s -1 , bm = -0.0017 s -1 , also obtained by globally fitting).
Besides the three experimentally turned parameters (Vh, initial cR and Vm), the other ones were retained from literature values or refined accounting for the differences between mammalian cells and yeast cells (Table S3 ). In the case of simulating single-feedback circuit, we set Vhm as 0. For the parallel feedbacks, a second negative regulator, IkBx, was added to the present model. IkBa and IkBx shared almost all characteristics, except for the transcription rate and degradation rate via degron.
All the variables were initialized to be 0, except for cytoplasmic RelA, the amount of which is set as 2500 nM in the conditions of 5 mg/mL doxycycline. Our simulations were initiated with maximum phosphorylated Fus3 concentration (pFus3max) equal to zero. After equalizing for 20 hours, maximum phosphorylated Fus3 (pFus3max) was raised to 600 nM by a step function (refer to addition of a-factor, Figure 4B ).
QUANTIFICATION AND STATISTICAL ANALYSIS
RelA Protein Concentration, Promoter Strength and IkBa Degradation Rate
We used a doxycycline-inducible promoter pTET07 to tune the level of RelA-GFP protein and measured its stable concentration by flow cytometry at three gradient doses of doxycycline (i.e. 0.5, 1, and 5 m/mL, see Figure 3A ).To assess the transcriptional activities of our engineered RelA-inducible promoters ( Figure 3B ) and yeast native constitutive promoters ( Figure S6A ), we measured the expression of a fluorescent reporter (mCherry) under consistent conditions as previously described in Flow Cytometry Experiments of METHOD DETAILS. To quantify the degradation rate of IkBa via variant engineered degrons, we tagged mCherry at their N-terminal and recorded the time courses of fluorescent intensities after a-factor stimulation. Degradation rate of each degron got assigned the value of the straight-line slope by fitting the first two data points in its corresponding time course.
Single-Cell RelA-GFP Localization Dynamics and Waveform Properties
Within the boundary of one cell, we quantified the average intensity of the brightest 10310 RelA-GFP pixels as nuclear RelA-GFP concentration, and quantified the average intensity of the all pixels as total RelA-GFP concentration. To indicate the subcellular localization of RelA protein, we used the nuclear to total ratio of the RelA-GFP concentration which was denoted as Nuc. RelA. The time series of single-cell Nuc.RelA was acquired automatically by customized Matlab programs. Each single-cell trajectory was smoothed by a Savitzky-Golay filter of degree 2 before further analysis.
Oscillatory waveform properties including period and peak shape characteristics were analyzed by a custom-made Matlab program for peak detection in single-cell Nuc.RelA trajectories. The core algorithm adopted a work previously developed to find significant peaks in time courses of mammalian NF-kB dynamics and discard fluctuations due to noise (Zambrano et al., 2014) . Specifically, a peak was defined as a sequence of a left local minimum, a central local maximum and a right local minimum. Based on detected peaks, period equaled to the time lags between successive central maximums, rise time equaled to the time lags between the left minimum and its following central maximum, decay time equaled to the time lags between the central maximum and its following right minimum, rest time equaled to the right minimum and its following left minimum and the amplitude equaled to the difference between the Nuc.RelA signals at the central maximum and a pre-set threshold. We analyzed all of our RelA-GFP dynamics data automatically under the same set of parameters, including amplitude pre-set threshold and minimal peak number. For every single measurement, 50-100 cells were collected to calculate periods and other waveform characteristics. On average, we can acquire 3$5 peak-distances from each single cell trajectory (for each measurement, > 150 peak-distance in total). We than calculated the mean of all peak-distances as the oscillation period for that experiment. The four waveform properties were analyzed following the similar protocol.
Statistical Analysis
Statistical parameters were reported in the Figures and Figure Legends . All statistical analysis was performed in Matlab R2014a (MathWorks).
DATA AND SOFTWARE AVAILABILITY
The five files used for demonstrating how we detect peaks in single-cell Nuc.RelA time series data and calculate waveform properties are found on https://github.com/ZhangZhibo87/2017-Cell_Systems-Zhang. Therein, ''ipeaksNarrow.m'' is used to detect notable peaks with rational boundaries in single-cell Nuc.RelA time series data and ''WaveformProperties.m'' is a function to identify oscillatory period and the other four waveform characteristics (i.e., rest time, rise time, decay time and amplitude). The single-cell dynamics of RelA-GFP nuclear translocation in yeast cells engineered with the synthetic signaling circuit was recorded. The circuit was stimulated at time zero by adding 5 μg/mL doxycycline to induce RelA-GFP expression (pTET07_Re-lA-GFP). The early induced RelA-GFP first freely translocated into the nucleus (no IκBα yet) and then were translocated out of nucleus after the RelA-induced IκBα-degron expression (pNFkB_IκBα-degron). After 24 hour-balancing with continuous treatment of doxycycline, RelA-GFP was still spontaneously but weakly pulsing even in absence of α-factor. When stimulated with 10 μM α-factor, cells were activated and oscillated robustly. Yeast cells engineered with the synthetic signaling oscillator was continuously cultured in 5 µg/mL doxycycline for over 12 hours and then activated by 10 µM α-factor at time zero. The ratio of nuclear to total RelA-GFP was calculated to indicate the RelA activation dynamics. Over 50 cells were recorded in each experiment. 
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